We study the self-assembly of colloidal CdSe/CdS nanorods (NRs) at the liquid/air interface combining timeresolved in situ grazing-incidence small angle X-ray scattering (GISAXS) and ex situ transmission electron microscopy (TEM). Our study shows that NR superstructure formation occurs at the liquid/air interface. Short NRs self-assemble into micrometers long tracks of NRs lying side by side flat on the surface. In contrast, longer NRs align vertically into ordered superstructures. Systematic variation of the NR length and initial concentration of the NR dispersion allowed us to tune the orientation of the NRs in the final superstructure. With GISAXS, we were able to follow the dynamics of the self-assembly. We propose a model of hierarchical self-organization that provides a basis for the understanding of the length-dependent self-organization of NRs at the liquid/air interface. This opens the way to new materials based on NR membranes and anisotropic thin films.
T he ability to design the chemical and physical properties of colloidal nanocrystals (NCs) at the atomic level, combined with the possibilities of NC self-assembly is of great fundamental and applied interest. Self-assembly of NCs is a promising route toward the fabrication of new classes of materials in which collective properties may emerge as consequence of dipolar or quantum coupling between the NC building blocks. 1,2 NC superlattices and NC "membranes" are increasingly exploited as tailored nanostructured materials in optoelectronic devices such as LEDs, 3−5 lasers 6 and solar cells. 7−10 Direct formation of nanocrystal superlattices at the liquid/air interface is currently emerging as a promising method to fabricate functional ultrathin films. Previous works reported promising results on the formation of (mm 2 large) areas of thin films of binary and ternary superlattices composed of spherical NCs. These studies enhanced our understanding of the driving forces underlying NCs self-assembly. 11−17 A new direction in this field is self-assembly of highly anisotropic nanocrystals, 18 such as nanorods (NRs). 19 The formation of vertically aligned and hexagonally packed superlattices was initially performed using an external electric field during the process of solvent evaporation. 20, 21 Subsequent efforts, however, have demonstrated that vertically aligned NR superlattices can be obtained by controlled solvent evaporation in the absence of any external forces. 22−34 Self-assembly parameters like the aspect ratio of the NRs, evaporation temperature, and type of solvent were extensively explored. 35 However, only the final structures were studied. To our knowledge, no in situ investigation of the dynamics of the selfassembly process has been reported, yet.
Here, we present a study of the mechanism of and the final structures formed by semiconductor NRs self-assembly. We observed that self-assembly occurs at the suspension/air interface and consists of several steps. The dynamics of the self-assembly process and the final structures formed depend critically on the NR length and on the concentration of the NR dispersion. We have used suspensions of CdSe(dot)/CdS NRs with narrow size and shape distribution and different aspect ratios, drop-casted on a layer of immiscible liquid that acts as a substrate. Self-assembly was initiated by evaporation of the solvent and large areas of organized structures were obtained. We studied the process of NRs self-assembly in situ by grazingincidence small angle X-ray scattering (GISAXS). 36−41 The use of diethylene glycol (DEG) as substrate allowed us to keep the position of the liquid/air interface at constant height with respect to the X-ray beam during solvent evaporation.
For the chemical synthesis of CdSe/CdS dot core/rod shell NRs, we adapted the method of Carbone et al. 25 (see Supporting Information). This method allows for control over the length of the NRs by tuning the CdSe seed concentration and by adjusting temperature and reaction time. We determined the size of the NRs obtained from transmission electron microscopy (TEM) images. The NRs concentration was estimated using inductively coupled plasma atomic emission spectroscopy (ICP-AES). We used three different batches of NRs with narrow size distribution: (i) long NRs with length L = (48 ± 4) nm and diameter 2R = (4.1 ± 0.4) nm, (ii) medium-length NR with L = (22.2 ± 2.3) nm and 2R = (6.3 ± 1.0) nm, and (iii) short NRs with L = (16.3 ± 2.4) nm and 2R = (3.4 ± 0.3) nm ( Figure S1 , Supporting Information). The NRs have octadecylphosphonic acid (ODPA) surface capping. We stored the NRs in N 2 atmosphere.
Study of the Mechanism of NR Self-Assembly by in Situ GISAXS. In the first part of this study we used in situ GISAXS to follow the dynamics of NR self-assembly. The experiment was performed at the ID10B beamline of the European Synchrotron Radiation Facility (ESRF) with an incident X-ray energy of 13.3 keV. We used a grazing incidence angle of α i = 0.061°for which there is total external reflection. In this way, we ensure that the beam only probes the toluene/ air interface at most 10−20 nm deep into the NRs dispersion (see Supporting Information for a experimental details and calculation of the penetration depth of the beam).
We carried out the self-assembly in a Teflon disk-shaped container with an inner volume of 11.3 mL (3.5 mm height; 64 mm base diameter). By using a container with high surface-tovolume ratio we ensured that (i) solvent evaporation happens over the course of 30 min, (ii) the meniscus is flat in the region measured. A schematic drawing of the setup used is shown in Figure 1 . For each of the three batches of NRs, the dispersion in toluene had an initial concentration of 1.6 μM. 4 mL of NR dispersion was deposited on top of 8 mL of DEG. The evaporation rate of toluene was set by heating the sample from the bottom with a copper stage at T = 50°C and by gently flowing N 2 over the sample. To keep the liquid level at constant height with respect to the incident X-ray beam, we compensated for the evaporation of toluene by injecting additional DEG directly into the bottom liquid layer with an average addition rate of 0.13 mL/min. Every minute a scattering pattern was recorded by integrating over 30 s.
Self-Assembly of Long NRs. Figure 2 shows three GISAXS patterns of the sample of the long NRs (L = 48 nm). The patterns were recorded at different stages of the selfassembly process: (a) 10 min, (b) 14 min, and (c) 18 min after the beginning of solvent evaporation. The whole sequence of patterns from 1 to 22 min can be found in Figure S3 (Supporting Information). The 10 min pattern (Figure 2a ) shows a diffraction ring of radius q 1 = 1.12 nm −1 . We assign this ring to diffraction on 2d hexagonal structures, as depicted in Figure 2d . 42 The lattice distance a = 4π/√3q 1 = 6.5 nm corresponds to NRs (diameter 2R = 4.1 nm) lying side-to-side separated by two layers of ODPA ligands. The scattering intensity is constant along the diffraction ring, indicating that the structures are randomly oriented in the yz-plane. From this two-dimensional (q y −q z ) diffraction pattern we cannot distinguish whether the structures have totally random orientations in three dimensions, or the NRs are still preferentially oriented with their long axis parallel to the interface. In the 14 min pattern (Figure 2b ), the diffraction ring of radius q 1 = 1.12 nm −1 no longer has a constant intensity along the ring. There is considerably stronger diffraction toward q z = 0, indicating that the NRs now preferentially have an upstanding orientation. There are additional diffraction peaks near q z = 0 at q y2 = 1.94 nm −1 and q y3 = 2.24 nm −1 . This sequence of q y1 :q y2 :q y3 = 1:√3:2 near q z = 0 is characteristic for 2D hexagonal structures on the liquid/air interface, as depicted in Figure 2e . Furthermore, the diffraction ring of radius q 1 = 1.12 nm −1 consists of two rings with a q z -offset corresponding to twice the angle of incidence of the X-ray probe beam. The two rings originate from diffraction of the nonreflected direct X-ray beam (bottom ring) and the reflected X-ray beam (top ring). Diffraction of the reflected beam can only occur if structures are (partially) sticking out of the surface. This is an additional proof that the NRs form upstanding structures as depicted in Figure 2e . The 18 min pattern ( Figure 2c ) is very similar to the 14 min pattern (Figure 2b ), indicating that the vertically aligned NR superlattice structures have not changed meanwhile. The diffraction peaks of Figure 2c have roughly the same width as in Figure 2b , but increased intensity. We conclude that between 14 min ( Figure 2b ) and 18 min ( Figure  2c ) after the beginning of solvent evaporation the area of liquid surface covered with the 2D hexagonal lattice (Figure 2e ) has increased but the range of the hexagonal order has remained constant.
Self-Assembly of Medium-Length NRs. Figure 3 shows three GISAXS patterns of the sample of medium-length NRs (L = 22 nm). The patterns were recorded at different stages of the self-assembly process: (a) 12, (b) 14, and (c) 16 min after the beginning of solvent evaporation. The whole sequence of patterns from 1 to 39 min can be found in Figure S4 (Supporting Information). The 12 min pattern ( Figure 3a ) shows a diffraction ring of radius q 1 = 0.73 nm −1 . We assign this ring to diffraction on a 2D hexagonal structure of NRs. The lattice distance a = 4π/√3q 1 = 9.9 nm corresponds to NRs (diameter 2R = 6.3 nm) lying side-to-side separated by two layers of ODPA ligands. We note that the apparent spacing between the medium-length NRs (3.6 nm) is somewhat larger than expected considering the length of the ligands. This possibly can be explained by considering that the medium- 
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Letter dx.doi.org/10.1021/nl302360u | Nano Lett. 2012, 12, 5515−5523 length NRs have a large diameter polydispersity: σ 2R = 1.0 nm; hence, the superstructure of medium-length NRs has to be slightly more expanded in order to also accommodate the thicker NRs of the ensemble. This results in a larger average lattice constant and thus an increased average inter-NR distance. 44 Along the diffraction ring ( Figure 3a ) there are four spots of increased intensity at θ q = {0, π/3, 2π/3, π}. These spots indicate that the preferential orientation of the hexagonal lattice is with a zigzag edge adsorbed to the liquid/air interface, as depicted in Figure 3d . We now look at the 14 min pattern (Figure 3b ). The two scattering peaks at θ q = {π/3, 2π/ 3} have become broader than in Figure 3a , and the two peaks near q z = 0 (θ q = {0, π}) have increased intensity (see also Figure S12 i Supporting Information for the azimuthal angle distribution of scattering intensity along the ring). Furthermore, we now clearly observe the higher order diffraction rings of radii q 2 = 1.25 nm −1 , q 3 = 1.45 nm −1 , q 4 = 1.9 nm −1 . The ratio of q 1 :q 2 :q 3 :q 4 = 1:√3:2:√7 is characteristic for hexagonal structures. We argue that this pattern is intermediate between the initial structure [12 min; Figure 3a ,d] and the final structure [16 min; Figure 3c ,e]. In the 16 min pattern ( Figure 3c ) the two scattering peaks at θ q = {π/3, 2π/3} have almost disappeared. The two peaks at q z = 0 (θ q = {0, π}), on the other hand, have become even stronger than in Figure 3b . Higher order diffractions are still visible. In-plane scattering (near q z = 0) dominates over out-of-plane scattering, indicating that there is strong hexagonal ordering in the plane parallel to the toluene/air interface. We assign the pattern to diffraction on a 2D hexagonal lattice of upstanding NRs at the toluene/air interface as in Self-Assembly of Short NRs. Figure 4 shows three GISAXS patterns of the sample of short NRs (L = 16 nm). The patterns were recorded at different stages of the selfassembly process: (a) 16, (b) 24, and (c) 32 min after the beginning of solvent evaporation. The whole sequence of patterns from 1 to 32 min can be found in Figure S5 (Supporting Information). The 16 min pattern ( Figure 4a ) shows no order yet. The background scattering is dominated by the form factor and no clear structure factor features are observed. The 24 min pattern ( Figure 4b ) shows a diffraction ring of radius q 1 = 1.15 nm −1 . We assign this ring to diffraction on 2D hexagonal structures as depicted in Figure 4d . The lattice constant a = 4π/√3q 1 = 6.3 nm corresponds to NRs (diameter 2R = 3.4 nm) lying side-to-side separated by two layers of ODPA ligands. From the fact that the intensity is constant over the whole ring, we conclude that the hexagonal structures have random orientations in the yz-plane. From this two-dimensional (q y −q z ) diffraction pattern, we cannot distinguish whether the structures have totally random orientations in three dimensions, or the NRs are still preferentially oriented with their long axis parallel to the interface.
Comparing this pattern ( Figure 4b ) to those of the other samples (Figures 2 and 3 ) we see that the background scattering is markedly higher here. This might be indicative of a higher concentration of single particles and smaller bundles of NRs. In the 32 min pattern (Figure 4c ), we still see the diffraction ring of radius q 1 = 1.15 nm −1 . There are now three spots of increased intensity on the ring at θ q = {π/6,3π/6,5π/ 6}. These three spots indicate that the hexagonal structures now have a preferred orientation with the close-packed facets of the NR supertructure adsorbed to the toluene/air interface as illustrated in Figure 4e . In addition, we see two tiny peaks at q 0 = 0.25 nm −1 corresponding to scattering on planes separated by d 0 = 25 nm. This distance is close to what we would expect for head-to-tail packing of these NRs (length L = 16.5 nm plus two layers of ODPA ligands) (see also Supporting Information for a basic explanation of the origin of the diffraction ring peaks for short NRs). From these two peaks, we conclude that there is not only hexagonal side-to-side ordering of lying NRs ( Figure   4e ), but that the so-formed NR tracks also align head-to-tail. This conclusion is corroborated by the TEM results presented below. We note that the lying final structure formed by these short NRs and the lying intermediate structure of the mediumlength NRs (Figure 3b ) have a different orientation by 60°with respect to the liquid/air interface. However, with the present limited data set we are unable to give an explanation for this remarkable observation. This result does not affect our interpretation of the length dependent self-assembly, the main issue of the presented work.
We emphasize that even in the latest frames depicted for the long (Figure 2c ) and the medium-length ( Figure 3c ) NR batches still only part of the initial toluene volume had evaporated. At these stages, the bulk NR dispersions were still rather dilute (NR volume fraction <10 −2 ). Yet, colloidal crystallization has started as strong ordering is observed at the liquid/air interface. On the other hand, ror the short NRs colloidal crystallization at the liquid/air interface does not take place until after 24 min (Figure 4b ). At this stage, the NR suspension is already almost dry. Clearly, short NRs require a much higher concentration before colloidal crystallization sets in. As can be seen in the full sequence of GISAXS patterns (Figures S2, S3 , and S4 in Supporting Information), the latetime patterns for the long (Figure 2c ) and medium-length NRs (Figure 3c ) during solvent evaporation are very similar to the final structures observed after complete drying. This shows that the top layer of the long and medium-length NR superstructures is fully formed as early as after 50% of the toluene solvent has been evaporated. For each of the three NR lengths, Figure S5 , S6 and S7 in Supporting Information show six patterns recorded at different positions along the sample surface (y = −6, −4, −2, 2, and 4 mm from the center of the sample) after complete solvent evaporation. For each NR length, the six patterns are very similar, indicating that the structures we observed in our time-resolved GISAXS study are representative for the entire sample surface. We can conclude that the 2d hexagonal lattice is preserved during solvent evaporation and final drying, and it is present in large areas. Note that for all scattering patterns recorded, the scattering can only originate from structures residing close to the liquid/air interface, since the X-ray beam probes no further than 10−20 
Letter dx.doi.org/10.1021/nl302360u | Nano Lett. 2012, 12, 5515−5523 nm deep into the toluene layer. Therefore, for upstanding NRs we only see diffraction on the upper half of the NRs layer, since the lengths of the NRs exceeds the penetration depth of the Xray beam. For NRs lying down we probe a few layers of NRs below the top one, since the NR diameter is of the order of the penetration depth. We also remark that all structure factor features (except one) are centered around the point (q y , q z ) = (0, −q i ), that is, the point where the direct nonreflected beam would hit the detector. Only the top ring observed in the latetime patterns of long NRs (Figure 2 b,c) is centered around (q y , q z ) = (0, +q i ), that is, the point where the reflected beam hits the detector. We conclude that all structures are fully immersed under the toluene/air interface, except the upstanding structures of long NRs, which are partly sticking out. If, and only if, a structure is (partly) sticking out of the liquid, it can diffract the X-ray beam either before or after reflection from the surface.
With this GISAXS study, we have demonstrated that at a fixed concentration the NRs self-assemble into different structures depending on their length, and that NR ordering into superstructures takes place at the toluene/air interface. For the long NRs, we only find evidence for a hexagonally ordered upstanding structure at the toluene/air interface (Figure 2e ). For the medium-length NRs, we were able to follow the transition from an intermediate state (Figure 3d ) in which the NRs are hexagonally ordered lying down at the liquid/air interface to the final superstructure ( Figure 3e ) consisting of hexagonally ordered upstanding NRs. For the short NRs, we only observed a hexagonally ordered structure with the NRs lying down (Figure 4e ) that only forms at late stages of the selfassembly process.
TEM Study of the NR Superlattices. In a second set of experiments, we aimed to investigate the final structure of the NR superlattices that are formed upon solvent evaporation for NRs with different lengths and using NR suspensions with different initial concentrations. To this end we used ex situ TEM. In the experiments, we systematically varied the NR concentration in toluene between 0.5 and 2.7 μM. We loaded 50 μL of NR dispersion in a 5.3 mL (3.5 cm height; 1.4 cm inner diameter) Teflon container on top of 4.5 mL of an immiscible DEG liquid layer. The sample was heated from the bottom to T = 50°C. After 30 min, the evaporation of the toluene was complete. Then, a sample of the self-assembled structure was directly fished with a copper TEM grid from a 
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For each of the three NR lengths, we performed the selfassembly using four different initial NR concentrations: 0.5, 1, 1.6, and 2.7 μM. Figure 5 shows a complete overview of the twelve self-assembled structures formed. Note that we carried out all experiments in duplicate and obtained similar results the second time. TEM images of hexagonally ordered upstanding structures are marked with a cross in the upper left corner. TEM images of structures with the NRs lying flat side-by-side are marked with a circle. There is one sample that shows a mixture of upstanding and lying structures. The lying structures (circles) show long tracks of NRs packed side-by-side. From the GISAXS experiments, we learned that the tracks of NRs extend into the bulk suspension (i.e., they are not monolayers) with a hexagonal ordering within the tracks. The overview shows that the NRs tend to organize into lying structures at low initial concentration evolving into upstanding structures at higher initial NR concentrations. The transition from lying-toupstanding occurs at lower initial concentration for longer NRs. For the lying structures in the overview (circles in Figure 5 ), we see that very low concentrations lead to a partial organization with positional order but no orientational order. With increasing the concentration, the tracks become longer and the mutual alignment increases. Our TEM observations are fully in line with what we found from the GISAXS experiments.
For the GISAXS experiments, we used an initial concentration of 1.6 μM, corresponding to the second row in Figure 5 . From GISAXS we found that long and medium-length NRs eventually form an upstanding structure, whereas short NRs end up lying flat on the toluene/air surface. The same trend is visible in the second row of Figure 5 .
Analysis of the Temporal Evolution of the Self-Assembled Superstructures. For all the GISAXS patterns recorded and for some fast Fourier transform TEM (FFT-TEM) (second row Figure 5 ), we determined the position and width of the first structure factor peak. This yields a quantitative analysis of the in situ temporal evolution of the structures, and a comparison between in situ structures measured with GISAXS and ex situ structures measured with TEM (see the Supporting Information for a more detailed explanation of the fitting procedure. Figure 6 shows the peak position q 1 (left column) and full-width-at-half-maximum (fwhm; right column) Δq of the first structure factor peak for all three NR lengths for the in situ samples as a function of time, as determined from fits to the GISAXS patterns. Dashed lines indicate the peak position and fwhm of the first structure factor peak of the fully dried samples of medium and long NRs, as determined from fits to the FFT-TEM images. (Since from lying structures it is not possible to extract the ordering in the direction perpendicular to the long axis of the rods, we only analyzed FFT-TEM images for the long and medium-length NRs). From the peak position and (e,f) short NRs. The graphs show plots of the peak position q 1 (a,c,e) (lattice parameter a) and full-width-at-half-maximum (fwhm) Δq (apparent grain size 2π/Δq) (b,d,f) of the first structure factor peak for the in situ samples as a function of time (dots). Dashed lines indicate the peak position and fwhm of the first structure factor peak of the fully dried samples.
Letter dx.doi.org/10.1021/nl302360u | Nano Lett. 2012, 12, 5515−5523 and fwhm we calculate the lattice parameter a = 4π/√3q 1 and the apparent grain size D = 2π/Δq of the 2D hexagonal structure. The left column in Figure 6 shows that the peak positions q 1 , and hence lattice parameters a, of the in situ structures (red dots) remain approximately constant over time (within the spread of the data points). We do not observe any shrinking of the superstructure as the toluene evaporates. For the fully dried superstructures (dashed lines), however, q 1 (a) is significantly larger (smaller) than for the corresponding in situ structure. For the long NRs, drying in vacuum (10 −3 mbar) induces a shrinking of the superstructure from a = 6.5 nm to a = 4.6 nm. For the medium-length NRs, the superstructure shrinks from a = 9.9 nm to a = 8.8 nm. These results show that during solvent evaporation the hexagonal array of the vertical rods is preserved and that the only further effect of extensive drying is a reduction of the distance between the rods, possibly due to interpenetration of the ligands.
The right column in Figure 6 shows that the peak widths Δq for the long NR sample, the short NR sample, and for the late stages of the medium-length NR sample remain roughly constant over time. The only clear feature observed in the graphs is the transition from Δq = 0.05 nm −1 to Δq = 0.13 nm −1 for the medium-length NRs around t = 15 min (see below). We explain the mostly constant peak width Δq by arguing that Δq is not determined by grain size, which we expect to grow as the NR superstructure becomes more crystalline. Instead, it may be determined by the presence of defects and dislocations that disturb the periodic order and induce a variation Δa in the lattice constant. For our samples the peak broadening due to the distribution in the lattice constant Δa is larger than the peak broadening due to the finite grain size. Hence, the apparent grain sizes calculated as 2π/Δq in Figure 6 present the lower limits to the actual grain sizes. The lower limits to the actual grain sizes correspond to grains of approximately 15 unit cells for the long and short NRs, and 5 unit cells for the medium-length NRs. Unfortunately, we do not observe diffraction from smaller grains (i.e., superstructure nuclei) at early times. The absence of diffraction peaks from small grains is expected considering that the diffraction intensity scales with the square of the volume of the diffracting units. The smallest grains hardly diffract at all. Given our explanation of the peak width, one expects that the variation Δa in the lattice parameter, and hence peak width Δq, increases with increasing diameter polydispersity σ 2R of the NRs. Indeed, we observe a correlation between Δq and σ 2R : Δq = 0.068 nm −1 , 0.124 nm −1 , and 0.064 nm −1 (weighted average of the data points in Figure 6 ) and σ 2R = 0.4, 1.0, and 0.3 nm for the long, medium-length, and short NRs respectively. The medium-length NRs (Figure 6d ) are the only sample that do show a temporal evolution of Δq: a transition from Δq = 0.05 nm −1 to Δq = 0.13 nm −1 around t = 15 min. This change in peak width coincides with the transition from a lying to an upstanding structure (see Figure 3 ). We propose the following tentative interpretation: the different values of Δq for the lying and the upstanding structures support a seeded-growth type mechanism for the transition: an entirely new superstructure with a different variation Δa in the lattice parameter, forms as NRs detach from the lying structure and attach to the upstanding structure. For grain rotation, another possible mechanism, one would expect Δq to remain constant. The superstructures before and after grain rotation would have the same value of Δa, since they do not rearrange but only rotate. We should remark here that a seeded-growth type mechanism (however leading to a linear array of lying rods) has been proposed before. 19 Discussion. Here we present a mechanism of hierarchical self-assembly of NRs at the toluene/air interface. We extended the model proposed by Denkov et al. 43 to our case of anisotropic particles, so that it can explain the NR length dependence and the initial NR concentration dependence of the superstructures we observe. The mechanism we propose for the self-assembly consists of three steps: (i) under the influence of mutual van der Waals (vdW), and possibly dipolar interactions the NRs form bundles in solution; (ii) adsorption of these bundles to the toluene/air interface lowers interfacial tension; (iii) the bundles pack together at the interface in such a way to maximize attractive (vdW) interactions. We can distinguish two possible scenarios. In scenario (a), the NRs remain as monomers or cluster into very small bundles of 2 or 3 NRs 
Letter dx.doi.org/10.1021/nl302360u | Nano Lett. 2012, 12, 5515−5523 low NR concentration). In scenario (b), the NRs cluster into larger bundles of, for example, six or more NRs [step (i)]. A cross-section of these structures perpendicular to the long NR axis has approximately the same or an even larger area than a cross-section parallel to the long NR axis. Therefore, these structures may adsorb to the liquid/air interface in an upstanding orientation [step (ii)]. The bundles adsorbed pack together or act as nuclei onto which additional NRs can attach in an upstanding orientation [step (iii)], resulting in upstanding structures as observed on the top right of Figure 7 (long NRs and/or high NR concentration). Steps (i) and (ii) of the model are schematically depicted in Figure 7 . The orientation of NRs in the final structure depends on the size of NRs bundles formed in the bulk dispersion, which in turn depends on the NRs concentration and length. The size of NR bundles increases if the bulk NRs concentration increases, or if the mutual NR-NR interactions become stronger. VdW interactions scale with the NR length. We performed some simple thermodynamic calculations of which the results support our model. They can be found in the Supporting Information. We calculate for the experimental conditions for which we find upstanding structures, that in the bulk a considerable fraction of NRs aggregate into (large) bundles. For the experimental conditions for which we find lying structures, the calculations show that the bundles are considerably smaller. The evolution from a superstructure with lying NRs (Figure 2a ) into a structure with upstanding NRs (Figure 2c ) as monitored by time-resolved GISAXS on the medium-length NRs can also be understood in terms of our model. At early stages of the selfassembly process, the concentration of NRs is low and only small bundles are present that adsorb in a lying orientation. As solvent evaporation continues, the NR concentration increases, and larger bundles form that adsorb in an upstanding orientation. We have observed that initially lying NRs rise up into an upstanding orientation. We can argue that as soon as a small fraction of adsorbed NRs have an upstanding orientation, these can act as nuclei onto which the upstanding superstructure grows if additional NRs attach.
We have studied the formation of large areas of vertically or horizontally aligned nanorods (NRs) at the liquid/air interface, obtained by controlled evaporation of the solvent using a liquid diethylene glycol substrate. We have proven that NR superstructure formation occurs at the liquid/air interface. In addition, we were able to partly follow the dynamics of selforganization. We have shown that the orientation of NRs in the final superstructure can be tuned by changing the NR length and the initial concentration in the NR dispersion. Using short NRs or a low concentration, structures form with NRs lying flat on the liquid/air interface. Using long NRs or a high concentration, structures form with NRs standing up. With NRs of medium length we been able to monitor in real time the dynamical process of NRs that rise up from a lying orientation into an upstanding orientation. We have proposed a model of hierarchical self-organization that accounts for the NR length and concentration dependence of the superstructures formed. Our results provide insight into the mechanism of the NR selfassembly at the liquid/air interface, opening the way for the exploration of new promising applications and new strategies for device engineering. 
